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Vulval development in the nematode Caenorhabiditis elegans can be divided into a fate specification phase controlled in
part by let-60 Ras, and a fate execution phase involving stereotypical patterns of cell division and migration controlled in
part by lin-17 Frizzled. Since the small GTPase Rac has been implicated as a downstream target of both Ras and Frizzled and
influences cytoskeletal dynamics, we investigated the role of Rac signaling during each phase of vulval development. We
show that the Rac gene ced-10 and the Rac-related gene mig-2 are redundantly required for the proper orientation of certain
vulval cell divisions, suggesting a role in spindle positioning. ced-10 Rac and mig-2 are also redundantly required for vulval
cell migrations and play a minor role in vulval fate specification. Constitutively active and dominant-negative mutant forms
of mig-2 cause vulval defects that are very similar to those seen in ced-10;mig-2 double loss-of-function mutants, indicating
that they interfere with the functions of both ced-10 Rac and mig-2. Mutations in unc-73 (a Trio-like guanine nucleotide
exchange factor) cause similar vulval defects, suggesting that UNC-73 is an exchange factor for both CED-10 and MIG-2. We
discuss the similarities and differences between the cellular defects seen in Rac mutants and let-60 Ras or lin-17 Frizzled
mutants. © 2001 Elsevier Science
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Organ development requires the coordination of nuclear
events, like gene transcription, and cellular events, like
polarization and morphogenesis. Vulval development in the
nematode Caenorhabditis elegans provides an excellent
model system to study both types of events and the genes
that control them.
During the cell-fate specification phase of vulval devel-
opment, multiple signaling pathways cooperate to induce
three out of six equipotent vulval precursor cells (VPCs) to
adopt vulval fates while the remaining three cells adopt
nonspecific hypodermal fates (Sternberg and Han, 1998)
(Fig. 1A). An inductive signal from the gonadal anchor cell
specifies the 1° vulval fate of P6.p by activating the let-23
receptor tyrosine kinase, which in turn activates the let-60
Ras GTPase and a kinase cascade consisting of lin-45 Raf,
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All rights reserved.mek-2 MEK, and mpk-1 MAP kinase. A lateral signal from
P6.p specifies the 2° vulval fates of P5.p and P7.p by
activating a lin-12 Notch signaling pathway. Additional
signaling pathways, such as a Wnt/b-catenin pathway
(Eisenmann and Kim, 2000; Eisenmann et al., 1998) and an
Rb/E2F pathway (Ceol and Horvitz, 2001; Lu and Horvitz,
1998), also play a role in generating the normally invariant
pattern of vulval cell fates.
The cell-fate specification phase is followed by a fate
execution phase in which the 1° VPC P6.p and the 2° VPCs
P5.p and P7.p each express characteristic molecular mark-
ers (Berset et al., 2001; Burdine et al., 1997; Hobert et al.,
1998; Newman et al., 1999) and undergo stereotypical
patterns of oriented cell divisions (Sternberg and Horvitz,
1986) to generate a total of 22 vulval descendants (Fig. 1A).
These vulval cells migrate and fuse to form seven toroidal
rings which stack upon one another to form a tube-like
structure (Fig. 1B) (Sharma-Kishore et al., 1999). Connec-
tions are then established between the vulval cells and
uterine tissue and muscle to form the mature vulva which
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340 Kishore and Sundaramis used for mating and egg-laying (Newman et al., 1996).
Although the cellular events of vulval development have
been very well described, only a few genes required for the
pattern and orientation of vulval cell divisions have been
identified; these include lin-11 (a LIM domain transcription
factor) (Ferguson et al., 1987; Freyd et al., 1990) and lin-17
Frizzled (a probable Wnt receptor) (Ferguson et al., 1987;
Sawa et al., 1996; Sternberg and Horvitz, 1988). Even less is
known about the genes that control vulval cell migrations
and fusions.
A good candidate to control the later events of vulval
development was Rac, a member of the Rho family of small
GTPases (Mackay and Hall, 1998). In mammalian cells, Rac
influences gene expression (Mackay and Hall, 1998) and
promotes rearrangements of the actin cytoskeleton (Hall,
1998; Tapon and Hall, 1997). Rac is also a downstream
target of Ras and aids in Ras-mediated oncogenic transfor-
mation (Nimnual et al., 1998; Qiu et al., 1995). In Drosoph-
ila, Rac controls morphogenetic events like dorsal closure
(Harden et al., 1995) and photoreceptor axon guidance (Hing
et al., 1999; Newsome et al., 2000). Drosophila Rac1 also
functions downstream of Frizzled to establish epithelial
planar polarity (Fanto et al., 2000).
The C. elegans genome contains two Rac genes, ced-10
and rac-2. ced-10 is important for apoptotic cell corpse
engulfment and distal tip cell migration (Reddien and
Horvitz, 2000) and appears to act in a common pathway
with the adaptor proteins CED-2 CrkII and CED-5 Dock180
(Reddien and Horvitz, 2000). rac-2 mutants have not yet
FIG. 1. Schematic representation of the cell-fate execution phase
double mutants or unc-73lf mutants. Dark gray circles represent d
of the 2° VPCs P5.p and P7.p. (A) VPCs undergo three rounds of ce
a longitudinal (L) or transverse (T) axis of division, or do not divide
to form the vulval invagination. (C) In ced-10lf; mig-2lf double mu
only three vulval cells instead of seven. During the third round of d
(D) Descendants of P7.p (and/or P5.p) fail to migrate toward P6.p dbeen identified. The C. elegans genome also contains a
© 2001 Elsevier Science. Amore divergent Rac-related gene, mig-2, that has an or-
tholog in Drosophila and appears to define a novel subfam-
ily of Rho GTPases (Newsome et al., 2000; Zipkin et al.,
1997). mig-2 influences neuronal cell migrations and axon
guidance (Forrester and Garriga, 1997; Zipkin et al., 1997).
mig-2::GFP reporters are expressed in the vulva (Zipkin et
al., 1997), suggesting a possible role for mig-2 in vulval
development.
We show here that C. elegans ced-10 Rac and mig-2
function redundantly to control multiple aspects of devel-
opment, including the orientation of cell divisions and
migrations during vulval fate execution. Mutations in
unc-73 cause vulval defects indistinguishable from those of
ced-10lf; mig-2lf double mutants, suggesting that UNC-73
Trio is the guanine nucleotide exchange factor for CED-10
and MIG-2 during vulval development.
MATERIALS AND METHODS
Strains and Alleles
Standard methods for culturing and handling of C. elegans were
used. All strains were grown and all experiments performed at
20°C. Wild-type strain is N2. The following alleles were used in
this study: LGI: dpy-5(e61) (Brenner, 1974), unc-73(rh40), unc-
73(gm40) (Steven et al., 1998); LGIV: ced-10(n1993), ced-2(n1994),
ced-5(n1812) (Ellis et al., 1991); and LGX: mig-2(mu28), mig-
2(rh17) (Zipkin et al., 1997), mig-2(gm38), mig-2(gm103) (Forrester
ulval development in (A, B) wild type and (C, D) ced-10lf; mig-2lf
dants of the 1° VPC P6.p; light gray circles represent descendants
ision and, during the third round, Pn.pxx cells divide with either
(B) Descendants of P5.p and P7.p migrate toward P6.p descendants
, P5.p (and/or P7.p) occasionally adopts a hybrid fate and generates
n, many of the “T” axes of vulval cell divisions are altered to “L.”
ndants.of v
escen
ll div
(N).
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esceand Garriga, 1997).
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All vulval phenotypes were scored by Nomarski optics. Animals
were mounted on agar pads for observation as previously described
by Sulston and Horvitz (1977). Vulvaless and Migration defects
were scored at the fourth larval stage, as judged by the size of the
worm and reflexed morphology of the gonad. By the L4 stage, vulval
cell divisions and the invagination are normally completed. The
numbers of vulval and nonvulval VPC descendants were counted to
assess defects in cell-fate specification. Identities of individual
nuclei were inferred based on their position and morphology. Axes
of final vulval divisions were determined by direct observation.
MH27 Antibody Staining and Confocal Laser
Scanning Microscopy
Animals were fixed and stained with MH27 antibodies as previ-
ously described by Sharma-Kishore et al. (1999). Specimens were
analyzed by using a Leica confocal laser scanning microscope. L4
stage specimens were identified based on seam cell and vulval
morphology.
RNA Interference Experiments
All RNA interference experiments were performed essentially as
previously described by Fire et al. (1998). dsRNAs corresponding to
mig-2 and ced-10 were prepared by using PCR templates derived
from cDNA clones yk344c5 and yk166e12. dsRNA was injected at
1 mg/ml concentration into either N2 or mig-2(mu28lf) or ced-
10(n1993lf) animals and progeny laid 4–48 h after injection were
scored for vulval defects by using Nomarski optics. dsRNA corre-
sponding specifically to rac-2 was prepared by using an RT-PCR
template corresponding to part of the last exon and 39 UTR of the
rac-2 cDNA. Primers used were: AATTAACCCTCACTAAAGG-
GGCTCGGCGCTTACCCAAATTGG and GTAATACGACTCAC-
TATAGGGCGAGTTTCCAGAATTCACGGCCACC. rac-2 dsRNA
was injected at 1 mg/ml concentration into N2 and mig-2(mu28lf).
Generation of mig-2 Transgenic Animals
The full-length mig-2 cDNA (yk344c5) cloned into pBluescript
was used as a template to create the G16R and T21N lesions using
PCR-based site-directed mutagenesis. Each mig-2 construct was
verified by sequencing. mig-2 WT, mig-2(G16R), and mig-2(T21N)
cDNAs were then excised and cloned as BglII–NotI fragments into
the lin-31 promoter plasmid p255 (Tan et al., 1998). This promoter
drives gene expression in Pn.p cells (including the VPCs) and a
small number of additional unidentified cells in the head and tail
(Tan et al., 1998; and our unpublished observations). Expression of
this promoter decreases after vulval cell divisions are completed
and before cell migrations occur, which might explain the weaker
migration phenotypes of the mig-2gf and dn transgenics when
compared to mig-2gf alleles and ced-10lf; mig-2lf double mutants
(Table 1). Transgenic animals were generated by coinjecting the
lin-31-mig-2 plasmids (100 ng/ml) with pBluescript (70 ng/ml) and
the marker ttx-3::GFP (30 ng/ml) [Hobert et al., 1997]. Three to six
independent transgenic lines were analyzed for each construct.
Control lines bearing a lin-31-GFP transgene had a weak Vulvaless
phenotype, suggesting that lin-31 promoter sequences interfere
with vulval fate specification, and making it difficult to assess the
contribution of mig-2 transgenes to this defect.
© 2001 Elsevier Science. ARESULTS
ced-10 and mig-2 Function Redundantly to Control
Multiple Processes, Including Vulval Development
ced-10(n1993) (Ellis et al., 1991) and mig-2(mu28) (Zip-
TABLE 1
Vulval Defects in ced-10, mig-2, and unc-73 Mutants
Genotype % Vul % Mig n
ced-10(n1993lf) 0 0 42
ced-10(RNAi) 0 0 25
mig-2(mu28lf) 0 0 68
mig-2(RNAi) 0 0 26
ced-10(n1993lf); mig-2(mu28lf)a 12 94b 16
ced-10(n1993lf); mig-2(RNAi) 6 95b,c 20
mig-2(mu28lf); ced-10(RNAi) 20 87b,c 39
mig-2(gm103gf) 6 26b 103
mig-2(rh17gf)d 9 25b 112
mig-2(gm38gf) 2 14b 49
Ex[lin-31-gfp]e 15 0 21
Ex[lin-31-mig-21]e 10 3 38
Ex[lin-31-mig-2gf]e 15 15b 34
Ex[lin-31-mig-2dn]e 20 10b 20
unc-73(gm40lf)f 7 79 29
unc-73(rh40lf) 2 50b 52
Note. Vul, reduced number of vulval cells. Mig, migration defects.
% Vul and % Mig indicate the percentage of animals which showed
these defects. In most animals only P5.p or P7.p descendants showed
Vul or Mig defects and in a low percentage (,20%) of the animals,
both P5.p and P7.p descendants, showed Mig defects. n, number of
animals in which all the VPCs were scored for defects.
a Animals of this genotype were obtained as uncoordinated
segregants from ced-10(n1993)/1; mig-2(mu28)/1 mothers. Ho-
mozygous progeny from homozygous mothers were rare and sickly;
9/9 such animals had Vul defects, probably due to defects in P cell
migration (Zipkin et al., 1997).
b A small percentage (,20%) of these animals showed multiple
invaginations.
c In 45% of these animals, both P5.p and P7.p descendants
showed Mig defects.
d The mig-2(rh17) strain NJ36 also has a mutation in ksr-1.
However, comparison with the other mig-2(gf) alleles examined
suggests that the ksr-1 mutation does not have any significant
effect on the rh17 phenotype.
e Extrachromosomal arrays (Ex) expressing green fluorescent pro-
tein (gfp) or mig-2, under the control of the lin-31 vulval promoter
(Tan et al., 1998). gf, G16R; dn, T21N. Data for one representative
line are shown for each construct; three to six independent lines
were generated for each construct and had comparable vulval
defects. Note that, since the control lin-31-GFP transgene caused a
Vul defect, we could not interpret the effects of mig-2 transgenes on
vulval fate specification.
f Animals of this genotype were obtained from unc-73(gm40)/
dpy-5(e61) heterozygous mothers. Therefore, there could be mater-
nal rescue of unc-73(gm40) and perhaps this explains the lower
penetrance of the vulval defects in such animals compared to
ced-10lf; mig-2lf double mutants.kin et al., 1997) loss-of-function (lf) mutants are healthy and
ll rights reserved.
342 Kishore and Sundaramessentially wild type for vulval development (Table 1).
However, ced-10(n1993lf); mig-2(mu28lf) double mutants
are severely uncoordinated and sickly, have very low brood
sizes and show a variety of vulval defects (Table 1; Fig. 2B),
indicating that ced-10 and mig-2 function redundantly
during multiple developmental processes. Therefore, al-
though the sequence of MIG-2 suggested that it defines a
novel subfamily of Rho GTPases (Zipkin et al., 1997), its
functional properties suggest that MIG-2 belongs to the Rac
subfamily.
To analyze the vulval defects of ced-10lf; mig-2lf double
FIG. 2. Vulval defects in ced-10 Rac, mig-2, and unc-73 Trio mu
nuclei and the vulval invagination. Anterior of the worm is t
mig-2(mu28lf); (C–F) ced-10(n1993lf); mig-2(RNAi); (G) mig-2(gm
separate invagination (arrow). (C) Vul animal in which P5.p adopted
Early L4 animal immediately following the last round of division
daughter nuclei (arrows). (E) P5.p descendants have failed to migrate
(F) P7.p descendants have formed a separate invagination (arrow).
descendants, resulting in an extended invagination (arrows). (H) P7.
in an extended invagination (arrow).mutants in more detail, we used RNAi-mediated interfer-
© 2001 Elsevier Science. Aence (RNAi) (Fire et al., 1998) to reduce ced-10 expression
in the mig-2(mu28lf) background or to reduce mig-2 expres-
sion in the ced-10(n1993lf) background. In each case, the
animals showed similar defects in cell-fate specification,
orientation of cell division axes, and secondary vulval cell
migration (Tables 1 and 2; Fig. 2), indicating that ced-10 and
mig-2 function redundantly to control multiple aspects of
vulval development.
ced-10 RNAi could potentially interfere with rac-2, since
the coding regions of ced-10 and rac-2 are more than 85%
identical. However, the defects of mig-2(mu28lf); ced-
. Nomarski photomicrographs of L4 animals showing vulval cell
e left and ventral is down. (A) Wild-type; (B) ced-10(n1993lf);
gf); and (H) unc-73(rh40lf). (B) P7.p descendants have formed a
brid fate. Arrow points to nonvulval anterior daughter of P5.p. (D)
ppp and P7.pap have divided longitudinally, resulting in adjacent
rd P6.p descendants, resulting in an extended invagination (arrow).
oth P5.p and P7.p descendants have failed to migrate toward P6.p
cendants have failed to migrate toward P6.p descendants, resultingtants
o th
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; P6.
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(G) B
p des10(RNAi) animals were no more severe than the defects in
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343Rac Signaling during Vulval Developmentced-10(n1993lf); mig-2(RNAi) animals (Table 1). Further-
more, in direct tests, we found no evidence that rac-2 RNAi
influences vulval development by itself (n 5 22) or in a
mig-2(mu28lf) background (n 5 44).
ced-10lf; mig-2lf Double Mutants Have Weak
Vulval Cell-Fate Specification Defects
Wild-type hermaphrodites in the fourth larval stage (L4)
contain 22 vulval cell nuclei arranged in characteristic
TABLE 2
Altered Vulval Cell Division Axes in ced-10, mig-2,
and unc-73 Mutants
Genotype
Cell division axes of:
P5.pxx P6.pxx P7.pxx
WTa LLTN TTTT NTLL
ced-10(n1993lf); mig-2(RNAi) LLLN TTTT NOLL
LLLN LTTL NLLL
LLLN LTTT NLLL
LLLN TTTT NTLL
LLLN LTTL NOLL
LLLN LTTL NLLL
LLTN TTTL NLLL
mig-2(gm103gf) LLON TTTT NLLL
LLON TTTT NLLL
LLTN TTTT NLLL
LLTN TTTT NLLL
mig-2(gm38gf) LLTN TTTL NLLL
LLTN TTTL NLLL
LLON TTTL NLLL
Ex[lin-31-mig-2gf]b LLLN TTTT NTLL
LLLN TTTT NLLL
LLLN TTTT NTLL
LLTN TTTT NTLL
Ex[lin-31-mig-2dn]b LLLN LTTT NOLL
LLLN LTTL NOLL
unc-73(gm40)c LLLN TTTT NOLL
LLLN TTTL NLLL
LLLN LTTT NLLL
unc-73(rh40) LLTN TTTL NLLL
LLLN TTTL NLLL
LLLN TTTL NLLL
Note. The divisions of P5.pxx, P6.pxx, and P7.pxx were observed
by Nomarski microscopy. The nomenclature used to describe the
polarity of cell divisions is as follows. L, longitudinal; T, transverse;
O, oblique; N, no division (Sternberg and Horvitz, 1986).
a The following mutants also showed a wild-type pattern of cell
division axes: mig-2(mu28lf) (n 5 2), ced-10(n1993lf) (n 5 3), and
Ex[lin-31-mig-2(1)] (n 5 3).
b Extrachromosomal arrays (Ex) expressing mig-2gf (G16R) or
mig-2dn (T21N) under the control of the lin-31 vulval promoter
(Tan et al., 1998).
c Animals of this genotype were obtained from unc-73(gm40)/
dpy-5(e61) heterozygous mothers.positions (Figs. 1B and 2A). A small percentage of ced-10lf;
© 2001 Elsevier Science. Amig-2lf double mutants had an incomplete vulva with
fewer than 22 nuclei (Vul defect; Table 1). In some of these
animals, VPCs were missing, suggesting a defect in P cell
migration and generation of the vulval primordium (Zipkin
et al., 1997; Spencer et al., 2001). However, in other
animals, all VPCs were present, but P5.p or P7.p had
adopted nonvulval or hybrid fates and therefore failed to
generate the proper number of vulval descendants (Fig. 2C).
This defect is similar to that caused by partial loss-of-
function mutations in Ras pathway components or lin-12
Notch and suggests that Rac might contribute in some
manner to let-60 Ras- or lin-12 Notch-controlled cell-fate
specification (see Discussion).
ced-10lf; mig-2lf Double Mutants Have Altered
Vulval Cell Division Axes and Defects in
Secondary Vulval Cell Migration
The most common vulval defects observed in ced-10lf;
mig-2lf double mutants were misoriented cell divisions and
abnormal migrations. In wild-type animals, the first two
rounds of vulval cell divisions occur uniformly along a
longitudinal axis, generating a row of 12 Pn.pxx cells.
However, during the third and final round of vulval cell
divisions, some cells do not divide (N), some cells divide
along the longitudinal axis (L) as before, while other cells
divide along the transverse axis (T) (Sternberg and Horvitz,
1986) (Fig. 1A). In ced-10lf; mig-2(RNAi) animals, the
pattern of dividing versus nondividing cells was normal, but
many cells that should have divided along the transverse
axis instead divided along the longitudinal axis (Table 2). As
a result, newly generated vulval cell nuclei were more
broadly dispersed than normal (Fig. 2D). This defect sug-
gests either that Rac is required for certain Pn.pxx cell
identities or that Rac is required more directly for division
axis orientation.
The final events of vulval development are morphoge-
netic, with vulval cells migrating and fusing to form seven
toroidal rings that stack to form a tube-like structure.
During migration, descendants of P5.p and P7.p migrate
towards P6.p descendants and then together with P6.p
descendants migrate dorsally inwards from the ventral
epidermis to form the vulval invagination (Sharma-Kishore
et al., 1999). In most ced-10lf; mig-2lf double mutants, the
descendants of P5.p and/or P7.p failed to migrate suffi-
ciently towards the descendants of P6.p, resulting in a very
broad invagination or multiple separate invaginations
(Table 1; Figs. 2B, 2E, and 2F). This defect could be a
secondary consequence of the altered vulval cell division
axes and the resulting cell positions, or could reflect a
primary requirement for Rac in orienting secondary vulval
cell migrations toward the central invagination.
mig-2gf and mig-2dn Mutants Have Defects Similar
to Those of ced-10lf; mig-2lf Double Mutants
Rac and other small GTPases normally cycle between
an active GTP-bound form and an inactive GDP-bound
ll rights reserved.
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dominant-negative (dn) mutations can lock Rac in its
active or inactive state, respectively (Mackay and Hall,
1998). mig-2gf mutants have been previously described
(Forrester and Garriga, 1997; Zipkin et al., 1997), and,
interestingly, have defects that are nearly identical to
those seen in ced-10lf; mig-2lf double mutants. We found
that mig-2gf alleles caused defects in vulval fate specifi-
cation, orientation of cell divisions, and cell migrations
(Tables 1 and 2; Fig. 2G). When expressed under the
control of a vulval promoter, mig-2gf or mig-2dn trans-
genes also caused similar defects (Tables 1 and 2). These
data strongly suggest that mig-2 acts in vulval cells and
that constitutively active or dominant-negative forms of
mig-2 interfere with the normal functioning of both
mig-2 and ced-10.
The similar vulval fate execution defects of mig-2gf,
mig-2dn, and ced-10lf; mig-2lf mutants could reflect defects
in Pn.pxx cell-fate specification or defects in the polarized
cytoskeletal rearrangements needed for proper spindle ori-
entation and directed migration. Supporting the latter
model, we found that mig-2(gm103gf) mutants had com-
pletely normal expression of two vulval cell-fate markers,
egl-17::GFP (n 5 20) (Burdine et al., 1998) and lin-11::GFP
(n 5 15) (Hobert et al., 1998; Newman et al., 1999) (data not
shown). Further, immunostaining with MH27 (Francis and
Waterston, 1991), which recognizes adherens junctions,
revealed that vulval cells in mig-2(rh17gf) mutants have
aberrant growth projections (Fig. 3C), suggestive of altered
polarity.
unc-73 Trio Mutants Have Vulval Phenotypes
Similar to ced-10lf; mig-2lf Double Mutants
Guanine nucleotide exchange factors (GEFs) of the Dbl
family activate Rho family GTPases (Whitehead et al.,
1997). UNC-73 is the C. elegans homolog of Trio, a Dbl
family GEF, and unc-73 mutants have previously been
shown to cause several cell migration and axon guidance
defects resembling those of mig-2(gf) mutants (Steven et
al., 1998). We found that unc-73(gm40) null mutant
animals from heterozygous mothers have vulval pheno-
types similar to those of ced-10lf; mig-2lf double mu-
tants, with a very low penetrance of the vulvaless phe-
notype and high penetrance of the vulval cell division
axis and migration defects (Tables 1 and 2). unc-73(rh40)
mutants showed the same phenotypes but at a somewhat
lower penetrance (Tables 1 and 2; Fig. 2H). The rh40
allele is a missense mutation in the Dbl homology (DH)
FIG. 3. Vulval cell migration defects in mig-2gf mutants. Confoc
15–20 sections of 0.5 mm each. The pictures are lateral views of the
and (B, C) mig-2(rh17gf) animals stained with the MH27 antibody (
vulval rings. (B) P7.p descendants (arrow) have not migrated toward
aberrant growth projections (arrowheads).
© 2001 Elsevier Science. AGEF domain and has been shown to specifically reduce
guanine nucleotide exchange activity toward Rac in vitro
(Steven et al., 1998). Taken together, these results sug-
gest that UNC-73 is an exchange factor for both CED-10
and MIG-2 during vulval development.
DISCUSSION
Redundancy and Cross-Interference between mig-2
and ced-10 Rac
mig-2gf mutants were previously described to exhibit
many neuronal cell migration defects not seen in mig-2 null
mutants, suggesting that mig-2gf interferes with the func-
tion of other GTPases (Zipkin et al., 1997). We have shown
here that the vulval defects of mig-2gf mutants resemble
those of ced-10lf; mig-2lf double mutants, indicating that
mig-2gf alleles interfere with the functions of both mig-2
and ced-10, and that the mig-2 and ced-10 GTPases func-
tion redundantly during vulval development. Other groups
have found that mig-2 functions redundantly with ced-10
and/or rac-2 to control additional cell and axon migrations
(Lundquist et al., 2001; Spencer et al., 2001). These results
indicate that MIG-2 has the functional properties of a Rac
GTPase despite its divergent sequence. Although GTPases
are commonly studied using activated and dominant-
negative transgenes, our results with mig-2gf alleles and
activating and dominant-negative mig-2 transgenes high-
light the dangers of relying exclusively on such transgenes
to assign gene functions.
For most GTPases, such as Ras, activating and dominant-
negative (or loss-of-function) mutations cause opposite phe-
notypic effects, leading to the analogy that these GTPases
function as “molecular switches” (Mackay and Hall, 1998).
In contrast, we found that either activating or dominant-
negative forms of mig-2 cause the same vulval cell division
and migration defects as loss of both mig-2 and ced-10. As
originally proposed by Kenyon and colleagues (Zipkin et al.,
1997), this finding may suggest that, in order to function
properly, MIG-2 must actually cycle between active and
inactive forms, both of which are required for proper cell
migration. Another possibility is that MIG-2 must be acti-
vated only at certain locations within a cell in order to
establish or maintain cellular polarity; in this case, consti-
tutive activation of MIG-2 throughout the cell would dis-
rupt polarity as effectively as loss of both CED-10 and
MIG-2. Based on the specific vulval defects we observed and
prior studies of Rac function in mammalian cells (Tapon
and Hall, 1997), we favor a model in which localized
icrographs of L4 larvae showing projections of a confocal series of
with the worm oriented with the ventral side down. (A) Wild-type
is and Waterston, 1991) that reveals cell adherens junctions of the
p descendants. (C) Vulval cells are mispositioned (arrow) and haveal m
vulva
Franc
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346 Kishore and Sundaramactivation of CED-10 or MIG-2 triggers polarized rearrange-
ments of the cytoskeleton.
The Requirements for ced-10 Rac and mig-2
in Vulval Development and Their Relationship
to let-60 Ras and lin-17 Frizzled
Current models for vulval development suggest that the
inductive signal activates let-60 Ras in P6.p to specify the 1°
vulval fate, and that this triggers production of a lateral
signal that activates lin-12 Notch in P5.p and P7.p to
specify the 2° vulval fate (Sternberg and Han, 1998). let-60
Ras and lin-12 Notch signaling promote the expression of
fate execution genes such as lin-17 Frizzled (in all Pn.pxx
cells) (Sawa et al., 1996) and the lin-11 LIM-domain tran-
scription factor (in the 2° Pn.pxx cells N and T) (Newman et
al., 1999) and these genes then control the pattern and
orientation of the final vulval cell divisions. We have
shown that ced-10 Rac and mig-2 play only a minor role in
fate patterning, but are redundantly required for the trans-
verse orientation of several of the Pn.pxx cell divisions, and
for the subsequent directed migrations of 2° vulval descen-
dants (Fig. 1).
The weak vulval fate specification defect (Fig. 1C) seen in
some ced-10lf; mig-2lf double mutants is similar to that of
hypomorphic let-60 Ras or lin-12 Notch mutants, suggest-
ing that Rac could influence signaling through one or both
of these pathways. Consistent with a minor role for Rac in
Ras signaling, we found that mig-2(mu28lf) enhanced the
Vulvaless phenotype of hypomorphic let-60(n2021) mu-
tants from 48 to 100% (n 5 18) and suppressed the multi-
vulva phenotype of hypermorphic let-60(n1046gf) mutants
from 77 to 43% (n 5 44). However, it is not clear whether
ced-10 Rac and mig-2 actually act downstream of let-60
Ras, as in mammalian cells (Nimnual et al., 1998), or
whether ced-10 and mig-2 influence let-60 Ras signaling
more indirectly, for example, through effects on the cy-
toskeleton.
The cell-division axis and cell-migration defects of ced-
10lf; mig-2lf double mutants are most evident in 2° vulval
cells, and we presume that ced-10 Rac and mig-2 function
cell autonomously in these cells. In contrast, let-23 and
let-60 ras are not required in 2° vulval cells for either vulval
fate specification or morphogenesis (Koga and Oshima,
1995; Yochem et al., 1997). Therefore, we find no evidence
that Rac functions immediately downstream of Ras during
morphogenesis. Instead, it is possible that activated Ras in
the 1° VPC and its descendants triggers the production of
lateral signals which not only induce 2° fates but also
attract the 2° vulval cells and control their Rac-dependant
inward migrations. Consistent with this model, in let-60gf
mutants, 2° vulval cells often fail to migrate inward toward
P6.p descendants and instead make connections with ec-
topic 1° vulval cells (Shemer et al., 2000).
The cell-division axis defects (Fig. 1C) of ced-10lf; mig-2lf
double mutants are somewhat related to but distinct from
those of lin-17 Frizzled or lin-11 LIM mutants. In lin-17 and
© 2001 Elsevier Science. Alin-11 mutants, 2° Pn.pxx cells show altered patterns of
division vs. nondivision as well as altered division axes
(Ferguson et al., 1987; Freyd et al., 1990; Sternberg and
Horvitz, 1988). Thus, while the lin-17 and lin-11 defects
have been interpreted as a reversal or loss of polarity within
the entire 2° vulval lineage, the ced-10lf; mig-2lf double
mutant defects are more limited, suggesting either a more
limited role in Pn.pxx cell-fate specification or a more
direct effect on division axis orientation. A possible require-
ment for ced-10 Rac and mig-2 in spindle positioning is
intriguing given the ability of mammalian Rac to bind
hPAR-6 (Joberty et al., 2000; Johansson et al., 2000; Lin et
al., 2000; Qiu et al., 2000), the ortholog of a gene product
required for proper spindle orientation and polarity in the C.
elegans embryo (Watts et al., 1996).
The vulval cell migration defects of ced-10lf; mig-2lf
double mutants (Fig. 1D) also have both similarities and
differences with the migration defects of lin-17 Frizzled
mutants. In lin-17 mutants, P7.p descendants often fail to
migrate toward the central invagination and instead form a
separate invagination; this defect has been interpreted as a
reversal of polarity (Ferguson et al., 1987; Sternberg and
Horvitz, 1988). A similar multiple invagination phenotype
is observed in a low percentage of ced-10lf; mig-2lf double
mutants (Table 1; Fig. 2F), although both P5.p and P7.p
descendants can be affected and an extended invagination is
the predominant phenotype. Rac has been proposed to
function downstream of Frizzled during the generation of
epithelial planar cell polarity in the Drosophila eye (Fanto
et al., 2000), and it will be interesting to further investigate
the relationship between lin-17 Frizzled and Rac in the
vulva.
unc-73 Trio Functions with ced-10 and mig-2
to Control Vulval Development
Like ced-10lf; mig-2lf double mutants or mig-2gf mu-
tants, unc-73lf mutants also have weak defects in vulval
cell-fate specification and strong defects in cell division
orientation and migration. UNC-73, the C. elegans Trio
ortholog, has GEF activity for mammalian Rac in vitro
(Steven et al., 1998) and Drosophila Trio also has GEF
activity for Mtl, the Drosophila MIG-2 (Newsome et al.,
2000). Given these biochemical activities and the similarity
of mutant phenotypes, the simplest model is that UNC-73
is a GEF for both CED-10 and MIG-2 during vulval devel-
opment (Fig. 4). Unfortunately, we were not able to obtain
further evidence for this model using genetic epistasis
analysis, since either increasing or decreasing mig-2 gene
function causes similar defects, and we could not rescue
unc-73(rh40) mutant defects using mig-2(1) or mig-2gf
transgenes driven by the vulval lin-31 promoter or a
mig-2::GFP transgene driven by the endogenous mig-2 pro-
moter (Zipkin et al., 1997) (data not shown). Therefore, it is
formally possible that unc-73 acts downstream of ced-10
and mig-2, or acts in a parallel converging pathway.
ll rights reserved.
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Although the pathways through which Rac controls dif-
ferent cellular processes in vivo are still poorly defined, a
large number of candidate Rac regulators and targets have
been identified biochemically (Bishop and Hall, 2000).
These observations raise the question of whether Rac
signals through multiple (perhaps redundant) pathways
concomitantly, or whether Rac signals through different
pathways in different cells to control different biological
processes. A comparison of different Rac-dependent pro-
cesses in C. elegans seems to support the latter model (Fig.
4). For example, UNC-73 Trio is required for CED-10- and
MIG-2-mediated vulva fate execution, but it is not required
for CED-10-mediated cell corpse engulfment (Lundquist et
al., 2001). Conversely, the adaptor proteins CED-2 CrkII
and CED-5 Dock180 are required for cell corpse engulfment
(Reddien and Horvitz, 2000), but not for vulval fate execu-
tion as ced-2lf (n 5 22) and ced-5lf (n 5 31) mutants have
wild-type vulval development. C. elegans vulval develop-
ment will be a useful model system for elucidating specific
Rac pathways involved in cell-fate specification, division
axis orientation, and cell migration, and for testing the
relationship between Rac and the Ras and Wnt signaling
pathways.
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